The etherification of ortho-phosphoric acid with triethanolamine and polyoxypropylene glycol is studied.
Introduction
Ionomers are polymeric materials having a small number of ionic side groups in hydrophobic main chains. Ionic fragments are included in these polymers in the form of cation, anion or zwitterion particles in various concentrations. Depending on the type of polymer, ionic groups can be distributed along the main chain periodically, randomly or as end groups. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The concentration of ionic groups usually varies in the range of 1-15 mol% and they can be completely or partially neutralized. Intensied interaction between ionic pairs and their clustering increases the density of the nodes of their spatial polymer grid. This feature leads to a high probability of self-organization with formation of various types of nano-and microstructures containing ionic clusters and ionconductive channels. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The resulting polymer network also causes strong changes in the mechanical properties of ionomers compared to the original non-ionic polymers. To a certain critical degree, this effect may lead to an increase in abrasion resistance, optical transparency, antistatic properties, interaction with various types of llers, heat sealability and adhesive properties to various types of materials, such as polymers, ceramics, and metals.
Polyurethanes are a class of highly versatile polymers and their range of use can be further broadened by the introduction of ionic groups into their structures. Therefore, growing attention has been paid to the synthesis of polyurethane ionomers. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] Polyols bearing ionic or ionizable functions are particularly useful as reactive components for the synthesis of self emulsifying functionalized so polyurethane segments. 45, 46 On the basis of triethanolamine, boric acid and polyoxyethyleneglycols, hyperbranched ethers of boric acid used as the basic compounds for the preparation of polyurethanes of ionomeric nature were obtained. 47, 48 There exist also signicant opportunities to study the properties of new polyurethane ionomers containing mixed so segments involving ionic groups. 49 Despite a variety of studies of polyurethane ionomers, however, there are relatively few publications related to the synthesis of polyurethane ionomers containing phosphoric acid units. [50] [51] [52] [53] [54] Promising polyol components for the production of polyurethane ionomers are ortho-phosphoric ethers. There exist many ways to synthesize them. [55] [56] [57] The most widely used phosphorylating agent for alcohols is phosphorus oxychloride, a characteristic feature of which is high toxicity. The direct use of affordable and low-toxic H 3 PO 4 (OPA) for the production of ortho-phosphoric acid ethers is limited due to its low reactivity with respect to hydroxyl-containing compounds. As a rule, the etherication reaction takes place in this case at high temperatures. The condensation of OPA and hydroxyl-containing compounds at relatively low temperatures was rst carried out by means of catalytic exposure to a given reaction system of equimolar OPA amounts of trialkylamines. [58] [59] [60] In those works the reaction processes leading to obtaining OPA monophosphate were studied. The etherication was carried out in an organic solvent medium. To achieve high conversions, catalysts were additionally introduced, among which there were imidazoles and derivatives of rhenium oxides (VII). At the same time, the complete etherication of OPA was not considered there.
Our paper demonstrates an evidently simple strategy to synthesis of amino ethers of ortho-phosphoric acid (AEPA) by etherication of OPA with triethanolamine and polyoxypropylene glycol. Due to the branched topological structure containing terminal hydroxyl groups, the incorporation of the polyether component in the AEPA composition and the presence of PO À anions with adjustable content in them, these compounds turned out to be an advanced polyol basis for the synthesis of new polyurethane ionomers. The described new strategy of synthesis may allow industrial production of such polymers in the future.
Experimental

Materials
Polypropylene glycol (PPG), (Wanol 2310) was purchased from Wanhua Chemical (Beijing, China). Triethanolamine (TEOA), triethylamine (TEA), toluene were obtained from Ltd. "Component-reaktiv" (Moscow, Russia). 85% aqueous solution of ortho-phosphoric acid was purchased from Ltd "MCD-Chemicals" (Moscow, Russia). Polyisocyanate "Wannate PM-200" (PIC) was purchased from Kumho Mitsui Chemicals, Inc. (China).
Synthetic procedures
General procedure for synthesis of amino ethers of orthophosphoric acid (AEPA). The etherication reaction was carried out in one stage by reacting OPA with TEOA and PPG. To obtain AEPA, triethanolamine, ortho-phosphoric acid and PPG were used at their molar ratios [TEOA] : [H 3 PO 4 ] : [PPG] ¼ 1 : 3 : 6, 1 : 6 : 6, 1 : 9 : 6 (AEPA-3, AEPA-6 and AEPA-9, respectively). The calculated amount of OPA and PPG was placed in a roundbottom ask, mixed for two minutes, then TEOA was added to the reaction system. Within two hours, the reaction mass was stirred at T ¼ 80 C and a residual pressure of 0.7 kPa. The synthesized liquid AEPA-PPG was collected into a stoppered ask. The amount of residual water did not exceed 0.3 wt%.
The etherication of OPA with TEA and PPG was carried out similarly to the synthesis of AEPA. Compounds were obtained at molar ratios [TEA] : [H 3 PO 4 ] : [PPG] ¼ 1 : 3 : 6 (EPA-3), 1 : 3 : 7 (EPA-3*), 1 : 6 : 6 (EPA-6) and 1 : 9 : 6 (EPA-9). The reaction was quenched aer the desired amount of hydroxylation toward the target product. Reaction progress was monitored by titration to determine a hydroxyl groups concentration.
General procedure for synthesis of polyurethanes based on amino ethers of ortho-phosphoric acid. The synthesized AEPA (1 g) was mixed with PIC (1 g), then 4.6 mL of toluene was added, stirred for 5 minutes at room temperature, and cast onto prepared surfaces. The curing of polyurethanes was also carried out at room temperature. 24 hours aer the nal curing, the samples were heated for 10 minutes at 100 C to remove residual solvent.
Light-scattering of AEPA solution
Dynamic light scattering experiments were carried out on Zetasizer Nano ZS (Malvern, Great Britain). This instrument has 4 mV He-Ne laser, which works on the 632.8 nm wavelength. Measurements were carried out at the 173 detection angle. The experiments were carried out at 25 C in the disposable plastic cuvettes of 1 cm path length.
Fourier transform infrared spectroscopy analysis (FTIR)
The FTIR spectra of the products were recorded on an InfraLUM FT 08 Fourier transform spectrometer (Lumex, St. Petersburg, Russia) using the attenuated total reection technique. The spectral resolution was 2 cm À1 , and the number of scans was 60.
Measurements of critical micelle concentration (CMC)
The droplet counting method was used to determine the surface tension (s). The basis of the calculations is the law, where the weight of the drop that comes off the pipette is proportional to the surface tension of the uid and the radius of the pipette (R): m ¼ 2pRs/g, where: g is acceleration of gravity; m is the drop mass of the test liquid.
NMR spectroscopy
1 H and 31 P NMR spectra were obtained on a BrukerAvance II 500 spectrometer (500.13 MHz for 1 H and 202.46 MHz for 31 P) using an inverse TBI probehead (1H/31P-BB-2D) or a direct BBO probehead (BB-1H-2D). The samples contained 120 mL of the investigated polymer mix and 480 mL of toluene-d 8 . The spectra were recorded at 25 C; separate sets of temperature measurements were carried out in the range from 6 C to 32 C. The proton chemical shi scale is referenced with respect to the quintet of the methyl group in toluene at 2.09 ppm; for 31 P, the external standard signal of 85% H 3 PO 4 (d P ¼ 0) poured in a capillary and placed into the polymer solution was used (it allowed us to assign the more high-eld signal to phosphoric acid).
Water concentration measurement
Water concentration was measured on a Mettler Toledo V20 volumetric titrator according to Karl Fischer.
Viscosity measurements
The dynamic viscosity of samples was determined at the temperature 296 K, at atmospheric pressure and using a SVM 3000 Stabinger Viscometer (Anton Paar, Austria) with an error of 0.00005 g cm À3 .
Tensile stress-strain measurements
Tensile stress-strain measurements were obtained from the lm samples of size 40 mm Â 15 mm with Universal Testing Machine Inspekt mini (Hegewald & PeschkeMeß-und Prüechnik GmbH, Nossen, Germany) at 293 AE 2 K, 1 kN. The crosshead speed was set at 50 mm min À1 and the test continued until sample failure. Minima of ve tests were analyzed for each sample and the average values were reported.
The coating adhesion on the breakaway
The value of adhesion of the coating to tearing was measured using a PSO-10MG4S (Ltd. Stroibpibor, Chelyabinsk, Russia) device designed to control the adhesion strength of protective and paint coatings with the base using the method of normal tearing of steel disks.
Thermomechanical analysis (TMA)
The thermomechanical curves of polymer samples were obtained using TMA 402 F (Netzsch, Selb, Germany) thermomechanical analyzer in the compression mode. The sample thickness was 2 mm, and the rate of heating was 3 C min À1 from À50 C to 350 C in the static mode. The load was 2 N.
Mechanical loss tangent measurements (MLT)
The MLT curves of polymer samples were taken using the dynamic mechanical analyzer DMA 242 (Netzsch, Selb, Germany) in the mode of oscillating load. Force and stress-stain correspondence were calibrated using a standard mass. The thickness of the sample was 2 mm. Viscoelastic properties were measured under nitrogen. The samples were heated from À50 C to 350 C at the rate of 3 C min À1 and frequency of 1 Hz. The mechanical loss tangent was dened as the ratio of the viscosity modulus G 00 to the elasticity modulus G 0 .
Results and discussion
Synthesis and characterization of amino ethers of orthophosphoric acid
The interaction between TEOA, OPA and PPG was studied at such a stoichiometric ratio, at which under the conditions of formation of total phosphates all three hydroxyl groups of triethanolamine and one hydroxyl group of PPG could potentially be consumed for the etherication reaction. At the same time, the formation of branched amino ethers of ortho-phosphoric acid (AEPA-3) was expected, where the tertiary amine is the main branch center and the phosphates play the function of the subsequent branch centers.
To analyze the size of the AEPA-3 obtained, the initial PPG was rst investigated. The average hydrodynamic diameter of the PPG particles in toluene was 396 nm (Fig. 1 ). A relatively wide particle size distribution indicates the formation of PPG associates in toluene.
In order to determine the role of tertiary amines in the etherication reaction of OPA and PGG, the interaction of 1 mole of OPA and 3 moles of PPG at 80 C in the absence of a tertiary amine was investigated. For the OPA-PPG system ( Fig. 1 ), the average hydrodynamic particle diameter is 1.7 nm. At the same time, particles with an average size of 396 nm are not revealed. The results obtained can be explained by the fact that OPA, due to the formation of hydrogen bonds involving R-OH and hydroxyl groups in the PPG, destroys the associative OH and hydroxyl groups in the PPG, destroys the associative interactions responsible for the formation of large PPG aggregates, and converts the oligoetherdiol to the monomeric form.
For the AEPA-3 solution, the average hydrodynamic particle diameter is 542 nm with a wide interval of their distribution (from 110 nm to 1100 nm) ( Fig. 1 ). In addition, larger particles are formed with sizes up to 4500 nm. The most likely reason for the formation of such large-sized particles and a wide distribution with relatively small sizes of AEPA-3 may be associated with micelle formation processes. The diagram does not observe particles with small sizes. The fact that the PPG has entered into interaction with the OPA, is evidenced by the fact that the sizes and distribution of particles here signicantly exceed the size distribution region for PPG. The absence of free OPA was judged by the absence of particle distribution in the region of small sizes.
The formation of P-O-C bonds in the composition of AEPA-3 is evidenced by the presence of a band at 980 cm À1 in the FTIR spectra corresponding to the stretching vibrations of the P-O bond in P-O-C (Fig. 2) . The intensity of this band is increasing in the series AEPA-3, AEPA-6 and AEPA-9. The high-intensity bands due to the stretching vibrations of the P-O bond in the structure of the P-OH groups of OPA at 875 cm À1 and 950 cm À1 practically disappear. On the FTIR spectra, bands appear in the region of 2370 cm À1 and 2430 cm À1 , which correspond to the N-H bond in the composition of the tertiary ammonium. In the spectra of AEPA-3 and AEPA-6, new absorption bands appear in the region of 1720 cm À1 and 1745 cm À1 , which can reect the formation of phosphate of the PO À anion.
To establish the completeness of the reaction by acid groups, their content in AEPA-3 was determined by titration. As a result, 21 mg of KOH was consumed to neutralize free P-OH groups in 1 g of AEPA-3. The consumed amount of KOH corresponds to the equivalent of one P-OH group per each reacted molecule of OPA. The obtained data allow to judge about the existence in the composition of AEPA-3 of secondary acid phosphates of polyoxypropylene glycol.
As a result, almost half of the used PPG in the composition of the product of the interaction of 1 mole of TEOA, 3 moles of OPA and 6 moles of PPG remains in its original, unreacted state. This circumstance explains the wide particle size distribution for AEPA-3 ( Fig. 1) .
Thus, the analysis of the results obtained suggests that the presence of triethanolamine is a condition for the etherication reaction of one P-OH group of ortho-phosphoric acid with glycols at T ¼ 75-80 C without the need for additional use of cocatalysts.
In order to increase the content of acid phosphates in AEPA, the products of interaction of TEOA, OPA and PPG were obtained, during the synthesis of which the molar ratio of TEOA to PPG remained constant, and the molar excess of OPA relative to TEOA increased (AEPA-6). In these cases, it was assumed that both hydroxyl groups located at the ends of the PPG can enter into the etherication reaction. 50 mg of KOH were consumed to neutralize free P-OH groups in 1 g of AEPA-6. The amount of KOH consumed corresponds to the equivalent of one P-OH group per each reacted molecule of OPA, that is, the formation of secondary acid phosphates of PPG.
The solution of AEPA-6 in toluene is opalescent due to the formation of micellar particles. When measuring their size using the method of light scattering, the sizes of these particles exceed 5000 nm. In this regard, the measurements were performed in acetone. For AEPA-6 ( Fig. 2) , the average hydrodynamic particle diameter in acetone is 1030 nm, and the size distribution itself turned out to be relatively narrowfrom 850 to 1100 nm. The formation of particles of relatively large sizes can be explained by the fact that for a given molar ratio of the reactants, the PPG reacts along both terminal hydroxyl groups. The observed narrow particle size distribution may be due to the homogeneity of the composition of the interaction products in the reaction system under consideration and the fact that the amount of PPG used completely entered the AEPA-6 (Scheme 1b and Fig. 3) .
Thus, as a result of the interaction between TEA, OPA and PPG, secondary acid phosphates are predominantly formed. In this regard, it should be noted that OPA is a tribasic acid, which is characterized by a large difference in the dissociation constants of each P-OH group. So, ortho-phosphoric acid is strong in the rst stage (K I ¼ 7.52 Â 10 À3 ), moderate in the second stage (K II ¼ 6.31 Â 10 À8 ) and very weak in the third stage (K III ¼ 1.26 Â 10 À12 ). 61 Such a high dissociation constant of the third P-OH group does not allow it to enter into the ether-ication reaction. Remaining as part of the acidic secondary and primary phosphates of PPG, the third P-OH group, as judged by the data of FTIR-spectroscopy, dissociates, existing in AEPA in the form of the PO À anion.
In order to conrm the formation of spatially separated ion pairs in the AEPA structure, the concentration dependences of the surface tension in aqueous solutions were measured for these compounds (Fig. 4 ). Since polyoxypropylene glycol exhibits the properties of surfactants, surface-active properties were also measured for PPG.
To conrm the proposed variants of the AEPA structure, 1 H NMR and 31 P NMR spectroscopy were used. In connection with the established structure of AEPA, the main issue is related to the existence in the resulting compounds of CH 2 -OH and OH groups with associated protons, PO À and P-O-C groups.
For this purpose, 1 H NMR spectra of AEPA-3 and AEPA-9 were obtained at different temperatures (Fig. 5a) temperature to +14 C turns into a wide signal in the 5.4 ppm area, and at +20 C and +30 C turns into a singlet at d ¼ 4.8 ppm.
For AEPA-6, a similar shi of signals with increasing temperature is observed in the range 6.5-6.0 ppm (Fig. 5b) .
For PPG under conditions of a low content of OH groups and the absence of their exchange interactions with protons, the corresponding signals on the 1 H NMR spectra do not manifest themselves in the entire temperature range (Fig. 5c ).
On the 1 H NMR spectrum of TEOA, an intense signal is observed at d ¼ 5.4 ppm, which corresponds to a proton in the structure of hydroxyl groups. The absence of this signal in the structure of AEPA is a consequence of the involvement of all three hydroxyl groups of TEOA in the interaction with OPA.
Since AEPA-3 contains the least amount of free protons, a very weak signal, corresponding to -OH + H + 4 -OH 2 + exchange interactions, appears at d ¼ 4.5 ppm (Fig. 6 ). In all 1 H NMR spectra of the AEPA, the signal at d ¼ 5.0 ppm, characteristic of OPA, does not appear. The 31 P NMR spectra of AEPA ( Fig. 7) can be divided into two regions. At d ¼ 1.3-0.9 ppm, the rst region corresponds to PO À anions, the position and manifestation of which undergoes noticeable changes during the transition from AEPA-3 to AEPA-6. The second region at d ¼ 3.0-3.1 ppm corresponds to the phosphorus bound by the ether linkage. There is a regular increase in signal intensity at d ¼ 3.0-3.1 ppm from AEPA-3 to AEPA-9.
The 31 P NMR spectrum was also measured for AEPA-9, AEPA-15 and OPA (Fig. 7) . Synthesis of AEPA-9 and AEPA-15 assumed the initial excess of the content of OPA from its theoretically possible entry into the etherication reaction. Despite the large excess of OPA in the composition of AEPA-15, on its 31 P NMR spectrum there is no narrow signal at d ¼ 0 ppm, which characterizes OPA in the initial state.
The results obtained allow us to conclude that, due to the presence of PO À anions in the AEPA, these branched compounds are involved in the formation of clusters. As a result of a cooperative nature, unreacted OPA molecules also enter into these interactions. This is also indicated by the expansion and complication of the spectra from AEPA-9 to AEPA-15 in the range d ¼ 0.4-1.6 ppm.
To study the effect of trifunctional TEOA on the topological structure of AEPA, and the effect of tertiary amines on the etherication reactions of OPA, triethanolamine was replaced with triethylamine in order to obtain ortho-phosphoric acid ethers (EPA).
For EPA-6, two signals are observed on the 31 P NMR spectrum, similar to AEPA-6 ( Fig. 7) . For EPA-3*, obtained at a molar On the basis of the spectra obtained, it can be judged that all phosphorus atoms in EPA-3* and EPA-3 are in the form of complete OPA ethers and therefore cannot participate in the clustering processes. In this case, EPA should exhibit a topological structure with a large number of branches in comparison with EPA ( Fig. 8) .
According to the literature, 62, 63 hyperbranched polymers and oligomers are characterized by low viscosity compared with linear analogues. Moreover, their viscosity is much lower than viscosity of linear analogues both in solution and in the molten state. The higher the degree of branching, the lower the viscosity of the branched polymer. In this regard, measurements of the dynamic viscosity of the OPA-PPG, AEPA and EPA system, obtained with a different molar excess of OPA relative to the PPG, were carried out ( Fig. 9 ). For the OPA-PPG system (without using tertiary amines), the viscosity increases signicantly even at a relatively low content of ortho-phosphoric acid; with a further increase in the molar fraction of OPA, an increase in its viscosity becomes non-additive.
For AEPA, viscosity increases with an increase in the molar excess of OPA relative to PPG up to 3 only insignicantly. With a further increase in the molar excess of OPA, the contribution to the AEPA structure of unreacted P-OH groups of orthophosphoric acid increases. The increase in the content of the acid ethers of OPA is the cause of the formation of viscous associates. As a result, an increase in the relative content of OPA leads to an intensive increase in the dynamic viscosity values, due to the fact that AEPA-6 and AEPA-9 contain unreacted P-OH groups, whose content increases from AEPA-3 to AEPA-9.
For EPA, viscosity with an increase in molar fraction of OPA increases with a smaller intensity, indicating a greater degree of branching of EPA compared to AEPA and that AEPA, unlike EPA, exhibits ionomeric nature (Scheme 2).
Thus, when replacing TEA with TEOA, the hydroxyl groups of triethanolamine are fully involved in etherication with OPA, but the catalytic activity of the tertiary amine weakens as a result of a decrease in its availability in the branched structure of AEPA.
The obtained AEPA were used as a polyol component of ionomeric nature for the synthesis of polyurethanes (AEPA-PU). The isocyanate component served as a polyisocyanate based on 4,4 0 -diphenylmethane diisocyanate.
According to the table and Fig. 10a , polyurethanes exhibit high adhesive characteristics and strength properties. For comparison purposes, stress-strain relations for polyurethanes are given, in which the AEPA was replaced with PPG (PPG-PU) and the product of the interaction of PPG was replaced with OPA (PPG-OPA-PU). The observed signicant differences in the mechanical behaviour of AEPA-PU and PPG-PU are a consequence of the ionomeric nature of AEPA-PU. The most optimal components from the point of view of a combination of adhesive characteristics, modulus of elasticity and strength are AEPA-3-PU and AEPA-6-PU. An increase in the fraction of OPA in the composition of AEPA leads to an increase in the content of PO À anions, but at the same time the number of urethane groups in the composition of AEPA-PU and the predicted density of the nodes of its spatial polymer network decrease. The high content of PO À anions in AEPA-6-PU eliminates the reduction of crosslinking sites in comparison with AEPA-3-PU. As a result, the mechanical properties of AEPA-6-PU turned out to be higher in comparison with AEPA-3-PU. A further increase in the proportion of OPA in the composition of AEPA-9 leads to an increase in the content of associatively bound molecules of unreacted OPA. As a result, adhesion, elastic modulus, strength decreased, and plastic deformation values of AEPA-9-PU increased.
The mechanical behavior of polyurethanes synthesized using EPA (EPA-PU) was also investigated ( Table 1 and Fig. 10b ). The decrease in both strength and adhesive characteristics for polyurethanes obtained on the basis of EPA is a consequence of the fact that, unlike AEPA, these compounds lack PO À anions.
Polyurethanes obtained on the basis of AEPA exhibit high heat resistance. The fact that the highest contribution to the heat resistance causes the ionomer component is indicated by the TMA and DMA analysis curves (Fig. 11 ). So, if deformation processes for AEPA-3-PU begin with a temperature of 140 C, then for AEPA-6-PU, which is characterized by a higher content of PO À anions, the beginning of deformation corresponds to a temperature of 210 C. The thermo-destructive ow of AEPA-6-PU starts at 250 C with a maximum response to the curves of the tangent of the angle of mechanical losses at 290 C for both AEPA-3-PU and AEPA-6-PU.
Conclusions
The etherication of ortho-phosphoric acid with polyoxypropylene glycol was studied in the presence of tertiary amines. It was shown that when triethylamine is used, complete OPA etherication occurs, followed by the formation of branched OPA ethers terminated by hydroxyl groups. When replacing TEA with TEOA, the hydroxyl groups of triethanolamine are fully involved in etherication with OPA, but the catalytic activity of the tertiary amine weakens due to a decrease in its availability in the branched AEPA structure. As a result, the most acidic P-OH groups remain unreacted in the amino ethers of ortho-phosphoric acid.
Due to the presence of PO À anions in the AEPA, these branched compounds are involved in the formation of clusters. As a result of a cooperative nature, unreacted OPA molecules also enter into these interactions.
Polyurethane ionomers were synthesized on the basis of AEPA. It was shown that AEPA-PU exhibit signicantly higher adhesive strength compared with EPA-PU. The decrease in both strength and adhesive characteristics for polyurethanes obtained on the basis of EPA is a consequence of the fact that, unlike AEPA, these compounds lack PO À anions. With an increase in the content of PO À anions in the composition of AEPA, a regular increase in the heat resistance of AEPA-PU occurs.
The described method of synthesis as well as the results of the present study can be used to produce industrially such polymers in the future.
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